Introduction {#S0001}
============

Non-small-cell lung cancer (NSCLC) accounts for approximately 80--85% of lung cancer deaths and is a leading cause of cancer-related mortality for both men and women worldwid.^[1](#CIT0001)--[5](#CIT0005)^ Anaplastic lymphoma kinase (ALK) rearrangements have been identified in 5--6% of NACLC.^[6](#CIT0006)^ The targeted treatment of advanced NSCLC harboring genomic rearrangement of ALK is a paradigm in personalized oncology.^[7](#CIT0007)^

The Echinoderm microtubule-associated protein-like 4 (*EML4-ALK*) fusion gene is found in 3--5% of NSCLC. *EML4-ALK* fusion in NSCLC occurs in at least 23 variants. All known variants have a breakpoint in intron 19 of *ALK*, but a variety of introns in *EML4* experience rearrangement, which results in inclusion of differing fragments of the N-terminal region of *EML*.^[8](#CIT0008)^ Hybrid-capture-based genomic sequencing that targets intron 19 of ALK can capture all possible breakpoint events involving this intron and unequivocally identify the partner gene. *In vitro* modeling of *EML4-ALK* demonstrates that it is an oncogenic driver that is sensitive to multiple ALK kinase inhibitors such as the approved drug crizotinib, consistent with *in vivo* studie.^[9](#CIT0009)^ Clinical trials have established *ALK* inhibitors as standard treatment for patients with advanced ALK-rearranged NSCLC, with crizotinib response rates of approximately 74% and median progression-free survival (PFS) of 10.9 months, compared with approximately 45% and 7.0 months, with pemetrexed plus either cisplatin or carboplatin, respectivel.^[6](#CIT0006)^

Detection of ALK rearrangements in patients with NSCLC has recently become a routine pathological diagnosis. There are three major conventional diagnostics for ALK fusion: fluorescence *in situ* hybridization (FISH), real time reverse-transcriptase polymerase chain reaction (RT-PCR), and immunohistochemistry (IHC). Next generation sequencing has displayed impressive capability to detect FISH-negative and novel fusion type ALK-rearranged NSCL^[10](#CIT0010)^ and has developed into a clinically practical alternative for diagnosis of ALK rearrangements in addition to FISH, IHC, and RT-PCR based techniques.

Besides *EML4*, there are other partner genes that can be fused with *ALK*. Currently, more than 15 different ALK fusion partners have been discovered in NSCLC including *EML4, KIF5B, KLC1*, and *TFG*. Most of these *ALK* fusions in NSCLC patients responded well to the ALK inhibitor crizotinib. Recently, we reported a novel *ALK* fusion partner gene *CMTR1* in an NSCLC patient who has no response to the ALK inhibitor crizotinib. *CMTR1* also known as hMTr1, which is translate a human cap1 2ʹ-o-ribose methyltransferas.^[11](#CIT0011)^ We analyzed the *CMTR1-ALK* fusion gene sequence and determined that it is a null fusion type. This result suggests that while the detection of *ALK* status is important, confirming the fusion gene production may be more important.

Case presentation {#S0002}
=================

A 75-year-old Chinese man with a 1-pack-year smoking history of 50 years and a history of early-stage NSCLC (adenocarcinoma of lung T1N0M0) diagnosed 7 years before the patient presented with mediastinal adenopathy with probable metastatic disease within multiple lymph nodes in the left side of his neck. The patient had a lung resection on Apr. 2010. After surgery, the disease was under control until July 2014 when a lung lesion was found by computed tomography scan. The patient had signs and symptoms of dysphagia, choking, and hoarseness in September 2014. He took 5 cycles of radiation treatment (Dt 32.5 gry) starting in October 2014(Figure S1). Needle aspiration biopsy of the cervical lymph node in July 2016 revealed that the tumor was a metastatic, poorly differentiated carcinoma ([Figure 1](#F0001)). This sample was identified as TTF1 ([Figure 1](#F0001)) and was napsin A expression-positive by IHC staining. Ventana IHC (D5F3) analyses of ALK protein expression were negative ([Figure 1](#F0001)).10.1080/15384047.2018.1480282-F0001Figure 1.Hematoxylin and eosin(HE) staining, TTF1 staining, Ventana IHC(D5F3), and FISH staining slides from patient.

In order to take molecular targeted therapeutic drugs, the lymph node FFPE specimen was subjected to qRT-PCR, FISH, and genomic profiling using a clinical grade NGS assay (Illumina Hiseq 4000 NGS platforms). Results showed that this specimen was PCR-positive, FISH-negative, and NGS-positive ([Table 1](#T0001)). NGS result revealed that this tumor specimen harbored a previously unknown *CMTR1-ALK* fusion variant ([Figure 2](#F0002)) involving rearrangement and fusion of exon 1 to 2 of *CMTR1* to exon 20 to 29 of *ALK* (C2; A20). This fusion comprises only 3% of the sequencing runs where tumor purity in the biopsy sample was estimated to be 40% ([Table 1](#T0001)).10.1080/15384047.2018.1480282-T0001Table 1.Pathologic characteristics and molecular test results of the patient.Sample\
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Based on these results, treatment was initiated with 250 mg crizotinib per day starting in September 2016. The disease still developed 1 month after drug treatment showing that this patient has no response to crizotinib (Figure S1). Then the patient dropped out of the crizotinib treatment and was treated with pemetrexed in November 2016, which delayed disease progression. The disease has remained under control for approximately 13 months at this time.

Discussion {#S0003}
==========

In recent years, genetic alterations that are responsible for initiation and maintenance of the malignant phenotype have been identified in several cancers including NSCLC. Drugs targeting these alterations, often named "driver" genetic alterations, can provide significant clinical benefit. One of the genetically defined subsets of NSCLC is the *ALK* positive subset. In recent years, major therapeutic advances have occurred in this subset of NSCLC.

In 2007, Soda and colleagues first identified the EML4-ALK oncogenic fusion gen.^[12](#CIT0012)^ It is now recognized that there are several different variants of *EML4-ALK* translocation that are dependent on variations in the length of the *EML4* gene involved in the fusion. In addition, in less than 5% of *ALK*+ NSCLCs, the fusion partner is not *EML4* and instead is one of more than 15 genes such as *KIF5B, TFG, KLC1, TPR, HIP1, BIRC6*, and *BCL11*.^[11](#CIT0011),[13](#CIT0013)--[18](#CIT0018)^

Advances in the management of *ALK*+ NSCLC started with the recognition that crizotinib can provide clinical benefit in these patients. Recently, Yoshida et al. reported the variability of crizotinib activity in tumors with different *ALK* variant.^[19](#CIT0019)^ The variants are defined by the size of the *EML4* gene involved in the *ALK* fusion. In a relatively small series, Yoshida and colleagues demonstrated that the median PFS was 11 months in variant 1, the most common variant, but was only 4.2 months in patients with tumors that were not variant 1. These data suggest that better understanding of the biological factors that influence the activity of crizotinib may allow a more personalized approach to treating *ALK*+ NSCLC patient.^[20](#CIT0020)^

For this patient, we first used RT-PCR to detect the *ALK* gene and found that he was ALK-positive. After one month of taking crizotinib, the patient was found to have primary drug resistance. To analyze the cause of primary drug-resistance, we used three other methods to detect the *ALK*-status. The results revealed that the patient was *ALK*-positive on the DNA level (PCR and NGS) but negative on the protein level (IHC-D5F3). Additionally, the "gold standard" FISH assay result was *ALK*-negative. The positive result from PCR was confusing, because the commercial PCR kit we used does not include the fusion type of this patient (Table S1). In future research, we will explore the underlying mechanism for this result using different methods.

The NGS result revealed a novel *CMTR1-ALK* fusion gene in NSCLC, which we reported in another paper (in preparation). In that study we analyzed the *CMTR1-ALK* fusion gene using online software PRABI (<http://doua.prabi.fr/software/cap3>), which indicated that the coiled-coil structure of CMTR1-ALK protein has a weakened dipolymerization capacity which partly causes reduced ALK protein kinase activity.

To confirm our speculation, we simulated the structure of this novel fusion protein. Based on NGS, this tumor specimen harbored a new *CMTR1-ALK* fusion variant involving rearrangement and fusion of exon 1 to 2 of *CMTR1* to exon 20 to 29 of *ALK* (C2; A20). The breakpoint of the fusion gene is in intron 2 of the *CMTR1* genomic DNA. During the process of building the fusion protein structure, we analyzed the *CMTR1* mRNA sequence and found that exons 1 and 2 of *CMTR1* contain 386 nucleotides, which is not a multiple of 3 required for a codon. This means that in exons 1 and 2 of the *CMTR1* gene replication and expression are linked together with follow-up exons. Once they fuse with *ALK*, the last 2 nucleotides of *CMTR1* will occupy 1 nucleotide of *ALK* ([Figure 3](#F0003)).10.1080/15384047.2018.1480282-F0003Figure 3.mRNA sequence of CMTR1-ALK fusion gene.

The normal structure of *ALK* ([Figure 4](#F0004),^[21](#CIT0021)^ together with its fusion pattern, may function as a cell surface receptor for specific ligands that regulate the proliferation or differentiation of neural cell.^[22](#CIT0022)^ In this case, the *CMTR1-ALK* fusion gene caused an ALK gene frameshift mutation, which means that the fusion gene cannot translate kinase-active *ALK* fusion protein, explaining the IHC *ALK*-negative result.10.1080/15384047.2018.1480282-F0004Figure 4.Schematic illustration of ALK and the general fusion strategy.

According to China Food and Drug Administration (CFDA), when *ALK* fusion status is positive by any of the three platforms -- FISH, IHC (Ventana), or RT-PCR -- there is evidence for using targeted drug therapy in that patient. Despite the excellent efficacy of crizotinib in most *ALK*-positive lung cancers, heterogeneous responses have been reported and the reason for this variability is unknow.^[9](#CIT0009),[23](#CIT0023),[24](#CIT0024)^ The mechanism of primary resistance is complicated and deserves more detailed exploratio.^[25](#CIT0025)^ According to previous studies, there are three major mechanisms of resistance to targeted drug therapy: genetic alteration in the target; activation of bypass tracks or phenotypic change in the tumor such as development of epithelial mesenchymal transition; or limited penetration of "sanctuary" sites such as the central nervous syste.^[20](#CIT0020),[26](#CIT0026)^ All three mechanisms of resistance have been identified in patients treated with crizotini.^[20](#CIT0020),[27](#CIT0027),[28](#CIT0028)^ We are the first to report intrinsic resistance to crizotinib caused by *ALK* gene frameshift mutation. In this case, the *ALK* fusion status was positive, but the patient had primary resistance to *ALK* inhibitor. By NGS and analysis of the fusion gene sequence, we found that the *ALK* fusion type is a null fusion which cannot translate "driven" protein that cause cancer incidence. This result shows that when the detection of *ALK* status is positive in a patient with drug resistance, we should pay more attention to the underlying mechanism.
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